ABSTRACT: The South African coastline comprises 3 main biogeographic provinces: (1) the cooltemperate west coast, (2) the warm-temperate south coast, and (3) the subtropical east coast. The boundaries between these regions are defined by changes in species compositions and hydrological conditions. It is possible that these affect phylogeographic patterns of coastal organisms differently, depending on the species' ecologies and modes of dispersal. In the present study, genealogies of 3 estuarine crustaceans, each characterized by a different mode of passive dispersal and present in more than one biogeographic province, were reconstructed using mtDNA COI sequences, and the impacts of biogeographic boundaries on their phylogeographic patterns were compared. The species were (mode of dispersal in brackets): (1) the mudprawn Upogebia africana (planktonic larvae), (2) the isopod Exosphaeroma hylecoetes (adult rafting), and (3) the cumacean Iphinoe truncata (adult drifting). Two major mtDNA lineages with slightly overlapping distributions were identified in U. africana (the species with the highest dispersal potential). The other 2 species had 3 mtDNA lineages each, which were characterized by strict geographic segregation. Phylogeographic breaks in U. africana and E. hylecoetes coincided with biogeographic boundaries, whereas the phylogeographic patterns identified in I. truncata may reflect persistent palaeogeographic patterns. Ecological factors and modes of dispersal are likely to have played a role in both cladogenesis of the different lineages and in the establishment of their present-day distribution patterns. 
INTRODUCTION
The South African coastline stretches from the mouth of the Gariep (Orange) River on the west coast to Kosi Bay on the east coast ( Fig. 1 ) and can be divided into biogeographic provinces characterized by different species assemblages and hydrological conditions. The 3 main regions are the cool-temperate west coast, the warm-temperate south coast, and the subtropical east coast. The exact locations of the boundaries separating these provinces are not agreed upon, and various smaller-scale groupings and regions of overlap have been suggested (see Harrison 2002 for a review).
Reasons for the lack of consensus may include biases in sampling effort towards certain taxa and areas, use of historical distribution records, sampling at different ocean depths, incomplete coverage of the coastline and use of different criteria to delineate biogeographic regions and identify boundaries (Harrison 2002 , Bolton et al. 2004 , Sink et al. 2004 . The majority of studies have focused on similarities in species composition of one particular group of organisms, e.g. ichthyoplankton (Beckley & van Ballegooyen 1992) , estuarine fish (Harrison 2002) , intertidal invertebrates (Emanuel et al. 1992) , and seaweeds (Bolton et al. 2004) . As environmental conditions along the coast are likely to affect these taxa differently, attempts to define biogeographic barriers generally applicable to all coastal biota seem futile.
While it seems obvious that, for instance, rocky shore organisms experience very different environmental conditions from estuarine organisms occurring in close geographic proximity, the population structures and distribution ranges of even closely related taxa occurring in sympatry may differ considerably. For example, invertebrate species with a brief planktonic larval stage may be characterized by more genetic structure than sympatric species with larvae that remain in the plankton for longer (Todd et al. 1998 , Riginos & Victor 2001 , and sessile marine species that lack dispersive larvae tend to be genetically more subdivided than closely related sympatric species with planktotrophic larvae (Kyle & Boulding 2000 , Collin 2001 ). These studies seem to indicate that there is a negative correlation between dispersal ability and genetic structure, but other recent studies have failed to find such a relationship. For example, some planktonic dispersers have surprisingly limited ranges because recruitment occurs locally (e.g. Jiang et al. 1995) and some species that were believed to have wide geographic ranges by virtue of their dispersal abilities actually comprised several regionally restricted sibling species (e.g. Knowlton 2000 , Dawson & Jacobs 2001 . Despite such findings, it is nevertheless often assumed that the distributions of marine organisms are strongly influenced by their modes of dispersal (Avise et al. 1987) .
Biotic changes along South Africa's coastline could to some extent reflect the inability of poorly-dispersing species to cross biogeographic barriers, which may have resulted in genetic divergence of regional units of such species due to low levels of gene-flow. Estuarine species seem particularly suitable to investigate this issue; even though the distribution of most species is not limited by high salinity (de Villiers et al. 1999 , Teske & Wooldridge 2003 and most have wide distribution ranges (e.g. Day 1974 , Griffiths 1976 , Steyn & Lussi 1998 , it is nonetheless likely that populations are isolated from each other by both geographical distance and the barrier represented by the ecologically and physiologically different marine habitat. Estuaries in which at least 1 of the 3 species studied was found are represented by grey dots and a number. The names of these estuaries are shown in Table 1 . Estuaries with numbers in boldface are mentioned in the text. Text boxes show the locations of boundaries between inshore biogeographic regions suggested in the literature; those discussed in the text are mentioned by name. Other boundaries that have been proposed are: A: Cape Columbine; B: East London; C: Kei River; D: Mbashe River; E: Port Edward; F: Cape Vidal. Estuarine systems represented by white dots were searched, but none of the 3 species studied were found. These include the Orange/Gariep, Groen*, Modder*, Riet, Houtbaai*, Schuster*, Krom*, Zandvlei, Rooiels*, Palmiet, Klein, Heuningnes, Hartenbos*, Storms, Tsitsikamma*, Klipdrif*, Slang*, Maitlands*, Mtonjane, Mtamvuna, Nyoni/Matigulu and Tugela*. *: systems with near-freshwater salinities during the sampling period, suggesting that they are not suitable to provide a long-term habitat for estuarine species Such species are thus likely to exhibit high levels of genetic structure along the South African coast, making them suitable model organisms to investigate the impacts of marine biogeographic boundaries on genetic structure. To determine whether biogeographic patterns are reflected in phylogeographic patterns of estuarine species characterized by various modes of dispersal, we studied 3 passively-dispersing crustaceans endemic to southern Africa and present in more than one biogeographic province.
Upogebia africana (Ortmann, 1894) (mudprawn) is a thalassinid prawn associated with muddy sediments (Wooldridge & Loubser 1996) . Its distribution ranges from the Olifants Estuary on the west coast of South Africa to Morrumbene in Mozambique (Day 1974) . Adults are sessile and unlikely to disperse over great distances, but larvae must complete development in the marine environment (Wooldridge 1994) and have a larval duration of up to 27 d (Newman et al. in press) .
Exosphaeroma hylecoetes Barnard, 1940 is a sphaeromatid isopod with a distribution from the Olifants Estuary on the west coast to the Mkomazi Estuary on the east coast (Day 1974) . Like all peracarid crustaceans, E. hylecoetes is a direct developer, i.e. it lacks free-swimming larvae. As this species is usually associated with submerged objects such as rocks, wood or vegetation, dispersal most likely takes place by means of rafting. Some peracarid crustaceans tend to be abundant on floating macroalgae that provide both a means of dispersal and a source of food, and they can persist for prolonged periods of time because their offspring may recruit directly onto the parental raft (Thiel 2003) . As a large number of individuals arrive at a new habitat simultaneously, rafting species are believed to be able to colonize remote habitats more successfully than species that disperse by means of planktonic larvae, as larval densities decrease with increasing distance from the source habitat (Stoddart 1984) . Dispersal by means of rafting is likely to be sporadic, and due to low levels of gene-flow among populations, the potential for founder speciation is high (Paulay & Meyer 2002 , Teske et al. 2005 .
Iphinoe truncata Hale, 1953 is a cumacean that is also characterized by direct development. Its exact distribution range is unknown despite being one of the most abundant species in South African estuaries (Teske & Wooldridge 2004 ), but it has been reported both on the south coast (Froneman 2001 , Teske & Wooldridge 2003 ) and on the east coast (Mackay & Cyrus 2001) . This species is strongly associated with sandy sediments (Teske & Wooldridge 2004 ) rather than submerged objects, suggesting that dispersal by means of rafting is unlikely. However, adult cumaceans are fairly mobile, and due to the species' small size, it is possible that individuals flushed out of estuaries may disperse as part of the plankton, a notion supported by Cummings et al. (1995) who found adults of the benthic cumacean Colurostylis lemurum drifting in the water column. Avise et al. (1987) hypothesized that species that have life histories conducive to dispersal should have limited phylogeographic structure. The amount of genetic structure along the South African coast should thus be lowest in the mudprawn (which is likely to have the highest dispersal ability) and higher in the other 2 species, as gene-flow in these species is likely to take place by means of chance dispersal (rafting or drifting of adults). In terms of genetic patterns, mudprawns should (1) be characterized by the lowest number of mtDNA lineages along the coast, (2) exhibit more gene flow across regions characterized by phylogeographic breaks than the other 2 species, and (3) show the lowest degree of isolation by distance.
MATERIALS AND METHODS
Sampling, DNA extraction, amplification and sequencing. To determine the exact locations of marine biogeographic boundaries that may influence phylogeographic patterns in the 3 estuarine crustaceans studied, a small number (≤4) of individuals of each species was collected in as many South African estuaries as possible.
A total of 58 mudprawns, 39 isopods and 61 cumaceans were analyzed, which were collected in 21, 15, and 22 estuaries, respectively (Table 1) . Muscle tissue from mudprawns was obtained either from one of the chelae or from the telson. In the case of isopods, the tip of the telson was used, and due to the small size of the cumaceans, DNA was extracted from complete specimens. Genomic DNA was isolated following the Chelex ® extraction protocol (Walsh et al. 1991 ) and a portion of the mitochondrial cytochrome oxidase c subunit I gene (mtDNA COI) was amplified using the polymerase chain reaction (PCR). Primers were designed to anneal to regions that were relatively conserved among published COI sequences of various crustaceans (Decapoda: Penaeus monodon, accession no. AF217843; Portunus trituberculatus, AB093006; Macrobrachium rosenbergii, AY614554; Paramunida luminata, AY351035; Peracarida: Cyathura sp., AF520-451.1; Cyclaspis alba, AF137517; Sphaeramene polytylotos, AF260846; Paridotea ungulata, AF255783) and included up to 3 degenerate sites. Forward primer CrustCOIF 5'-TCA ACA AAT CAY AAA GAY ATT GG-3' was used to amplify all 3 species. Reverse primers were designed to amplify taxa associated with specific crustacean suborders. The decapod Upogebia africana was amplified with reverse primer Decap-COIR 5'-AAT TAA AAT RTA WAC TTC TGG-3', and PeracCOIR 5'-TAT WCC TAC WGT RAA TAT ATG ATG-3' was used to amplify the 2 peracarids E. hylecoetes and I. truncata. Each 50 µl PCR reaction contained 5 µl of 10 × NH 4 reaction buffer (Bioline), 6 mM of MgCl 2 , 0.16 mM of each dNTP (Bioline), 3 pmol µl , Bioline) and 2 µl of DNA extracts. Samples that were difficult to amplify additionally included 0.2 to 0.5 µl of 10 mg ml -1 Bovine Serum Albumin solution. The PCR profile comprised an initial denaturation step (3 min at 94°C), 35 cycles of denaturation (30 s at 94°C), annealing (45 s at 45 to 50°C) and extension (75 s at 72°C), and a final extension step (10 min at 72°C). PCR products were purified with the Wizard ® SV Gel and PCR Clean-Up System (Promega), cycle-sequenced both in the forward and reverse direction using a BigDye ® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and visualized on an ABI 3100 genetic analyser.
Data analyses. Partial COI sequences 642, 616 and 590 nucleotides in length were obtained for isopods, cumaceans and mudprawns, respectively, resulting in 29, 35 and 48 unique haplotypes. These have been deposited in GenBank (accession nos.: Exosphaeroma hylecoetes: DQ070257-DQ070285; Iphinoe truncata: DQ070286-DQ070320; Upogebia africana: DQ070321-DQ070338). The majority of variable characters in all 3 species were found in third character positions (E. hylecoetes: 77; I. truncata: 87%; U. africana: 87%). This, and the absence of double bands, stop codons, indels and chromatogram peaks of equal intensity at the same positions, indicates that the amplified products are likely to be of mitochondrial origin.
Genealogy reconstructions. The neighbour-joining method (Saitou & Nei 1987 ) was used to reconstruct genealogical relationships among the haplotypes of each species. The most appropriate model of sequence evolution was determined for each species using the Akaike Information Criterion (AIC) as implemented in the program MODELTEST version 3.06 (Posada & Crandall 1998) , and was incorporated into genealogical reconstructions performed using PAUP* version 4.0b10 (Swofford 2002) . The neighbour-joining tree of Upogebia africana was rooted with U. capensis (accession no. DQ070369). Congeners of Exosphaeroma hylecoetes and Iphinoe truncata were genetically highly divergent. As long outgroup branches can result in spurious rooting (e.g. Felsenstein 1978 , Wheeler 1990 , midpoint rooting was applied instead. Clade support was obtained from 1000 bootstrap replicates. The location of phylogeo-286 Table 1 . Number of specimens of each species collected per estuary. Estuarine systems are listed from west to east and are grouped into biogeographic provinces following Harrison (2002) . Estuary numbers correspond to the numbers used in Fig. 1 Isolation by distance. Several of the mtDNA lineages identified using genealogical reconstructions were examined for isolation by distance. The effect of geographic distance on genetic differentiation between populations was investigated by calculating pairwise Φ ST values (Excoffier et al. 1992 ) among populations associated with specific lineages of a particular species and determining whether these were correlated with the shortest possible geographic distances between any 2 estuaries. Φ ST values were estimated based on p-distances using the program ARLEQUIN version 2.001 (Schneider et al. 2000 , including 2 updated files released in 2001). Associations between matrices comprising pairwise Φ ST values and corresponding pairwise geographic distances among estuaries were then tested by performing Mantel tests using the program MANTEL for Windows version 1.16 (Cavalcanti 2005) . The significance of the Mantel statistic Z is tested by a permutation procedure in which values in one data matrix are randomly reshuffled (20 000 permuted data-sets were created).
RESULTS

Genealogy reconstructions and phylogeographic patterns
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0.05 substitutions/site Clade support from 1000 bootstrap replications (> 80%) was added to some branches; the bootstrap consensus tree of U. africana was rooted by means of an outgroup, whereas the other 2 trees were unrooted. See Table 1 for the names of estuarine systems represented by numbers in Fig. 3 . The mudprawn Upogebia africana comprised 2 major mtDNA lineages (Fig. 2a) , one of which included samples from the Olifants Estuary to the Mbhanyana Estuary (west coast to southeast coast), and the other occurred from the Haga-Haga Estuary to the Mkomazi Estuary (southeast coast to east coast).
The fact that the Haga-Haga Estuary is located south of the Mbhanyana Estuary indicates that the distributions of the 2 mudprawn lineages overlap on the southeast coast. There was also high bootstrap support for the monophyly of specimens originating from estuaries located west of Cape Agulhas. Three major mtDNA lineages were recovered in the isopod Exosphaeroma hylecoetes (Fig. 2b): (1) a southern lineage occurred from the Gourits Estuary (east of Cape Agulhas) to the Bulolo Estuary (near Port St. Johns), (2) a south-western lineage was represented by individuals collected in 2 estuaries located between Cape Agulhas and the Cape of Good Hope, and (3) 2 populations west of the Cape of Good Hope represented a western lineage. No regions of overlap were identified.
The neighbour-joining tree of the cumacean Iphinoe truncata also comprised 3 major mtDNA lineages (Fig. 2c) . The basal lineage was represented by specimens collected in 2 estuaries located east of Cape Agulhas (Duiwenhoeks and Goukou). The distributions of the other 2 lineages ranged from the Touws Estuary to the Sundays Estuary (southern lineage) and from the Boknes Estuary to the Kosi Estuary (eastern lineage), respectively. As for Exosphaeroma hylecoetes, the distributions of the 3 I. truncata lineages did not overlap.
Divergence time estimates
Approximate minimum divergence time estimates among crustacean lineages were calculated using HKY distances, as variants of this model were selected by MODELTEST for all 3 crustacean species. The pairwise HKY distance of the 2 Alpheus species used for calibration was 0.062, and they diverged at least 3.1 mya. An HKY distance of 0.02 per million yr was consequently used to estimate minimum divergence times in the 3 South African crustaceans. These ranged from 2 mya in the southern versus southwestern lineage of Exosphaeroma hylecoetes, to 6.5 mya in the southwestern lineage of Iphinoe truncata versus the other 2 lineages (Table 2) .
Isolation by distance
Five of the lineages identified using genealogy reconstruction (2 mudprawn lineages, 1 isopod lineage and 2 cumacean lineages) were analyzed for isolation by distance. Significant isolation by distance was found among populations of the southern lineage of Exosphaeroma hylecoetes and among populations of the eastern lineage of Iphinoe truncata (Table 3) . The Mantel test was marginally non-significant for the southern I. truncata lineage, and the highest p-values were found in the 2 mudprawn lineages.
DISCUSSION
Phylogeographic patterns
The extent of gene-flow within mtDNA lineages of the 3 estuarine crustaceans differed on the basis of their modes of dispersal. Estimates of isolation by distance were lower in the potentially good disperser Upogebia africana than in the 2 peracarid crustaceans. Two major mtDNA lineages were identified in U. africana and 3 each in the other 2 species. The location of phylogeographic breaks corresponded to biogeographic boundaries in 2 of the species studied.
Western boundaries
A boundary near Cape Agulhas affected all 3 species, but its relative importance differed. In the mudprawn Upogebia africana specimens collected west of Cape Agulhas comprised a monophyletic lineage that was, however, not strongly differentiated from specimens collected east of the boundary. As mudprawn larvae have comparatively high dispersal abilities (confirmed by the absence of isolation by distance within lineages), it is possible that COI alleles shared between the 2 regions would be detected if sample sizes were increased. This is supported by the fact that the South African abalone Haliotis midae (also a planktonic disperser) comprises 2 reproductive stocks, which are separated by Cape Agulhas and share some haplotypes (Evans et al. 2004) . In contrast to these 2 planktonic dispersers, the isopod Exosphaeroma hylecoetes showed considerable genetic differentiation across the Cape Agulhas boundary, and a second phylogeographic break was found in the region between Cape Columbine (Boundary A on Fig. 1 ) and the Cape of Good Hope. The effect of the Cape Agulhas boundary was strongest on the cumacean Iphinoe truncata, which was not found west of it. In addition, a boundary east of Cape Agulhas (between the Goukou and Touws Estuaries) was detected in I. truncata. There are several estuarine systems between the latter 2 estuaries (Gourits, Hartenbos, Klein Brak and Groot Brak) where this species was not found despite extensive sampling but may nonetheless occur, so the exact position of this barrier is not certain.
Eastern boundaries
There was evidence of an eastern boundary separating the warm-temperate and subtropical provinces in the mudprawn and in the isopod, with the mudprawn being characterized by a distinct eastern lineage and the isopod being absent from much of the east coast. The continental shelf is narrow along South Africa's east coast (3 to 40 km, Flemming 1981) . It is only about 12.5 km wide at Port St. Johns (Fig. 1) and then gradually widens, deflecting the warm, southward-flowing Agulhas Current away from the coast (Heydorn et al. 1978) . Previous studies attributed changes in species compositions in this region to temperature changes (e.g. Stephenson & Stephenson 1972 , Wallace & van der Elst 1975 . It also seems plausible that the Agulhas Current Deflection Zone functions as a mechanical 289 Table 3 . Results of Mantel tests on matrices of genetic differentiation among populations (pairwise Φ ST using p-distances) and geographic distance of 5 mtDNA lineages identified using genealogy reconstructions (Fig. 2a-c barrier by limiting northward movement of temperate species. For example, northward transport of mudprawn larvae originating from the western lineage seems to be comparatively rare, whereas southward transport is much more common, resulting in the observed overlap of the 2 lineages as far south as approximately East London (Boundary B on Fig. 1 ). Similar phylogeographic patterns were found in the limpet Patella granularis (Ridgway et al. 1998 ) and in the mussel Perna perna (G. I. Zardi unpubl. data), both species characterized by planktonic dispersal. No evidence for genetic discontinuity near the Agulhas Current Deflection Zone was found in the cumacean Iphinoe truncata, but a boundary was detected south of this region, between the Sundays and Boknes Estuaries. Located between these 2 estuaries is the Alexandria Coastal Dunefield, one of the largest coastal dunefields in the world (Illenberger 1993) . It is possible that the comparatively large distance between the 2 estuaries and the lack of suitable habitat along the dunefield constitutes a dispersal barrier to I. truncata. It is also possible that the strong southwesterly winds that blow perpendicular to the dunefield and provide it with sand (Illenberger & Rust 1988) prevent drifting of cumaceans along the coast.
Ecological causes of cladogenesis
Divergence events evident in the genealogies reconstructed from COI sequences all predated the onset of the present climate optimum (approximately 6000 yr ago, Lindesay 1998) and thus cannot be explained by present-day environmental conditions.
Vicariance is likely to be the predominant mechanism of speciation (and cladogenesis) in the sea (Santini & Winterbottom 2002) , and several authors have stressed the importance of tectonic events in determining distribution patterns of coastal organisms (Springer 1999 , Orrell et al. 2002 . However, no major geological changes occurred along the South African coastline since the break-up of western Gondwana and the formation of the present continental shelf during the early Cretaceous (Heydorn et al. 1978) , and there is no evidence of a geological feature that could have acted as an absolute barrier to the dispersal of estuarine crustaceans during the glacial and interglacial phases.
Broadly, the distributions of the main mtDNA lineages of Upogebia africana and Exosphaeroma hylecoetes correspond with present-day biogeographic regions, and the most obvious explanation for their divergence may be different selective forces imposed on regional populations as a result of different environmental conditions. Even in large populations that are not completely isolated from each other, selection may result in a shift in gene frequencies (reviewed in Palumbi 1994) , which may eventually result in parapatric speciation. Bolton & Anderson (1990) showed that the ranges of seaweed species and the structure and composition of seaweed communities in South Africa are correlated with water temperature. It is possible that individual evolutionary units within species respond similarly, so that some of the crustacean mtDNA lineages identified in this study are adapted to different temperature regimes.
Although the genetic divergences observed may be partially explained by adaptation, mode of dispersal is also likely to have played a role in driving cladogenesis. For example, the fact that there are phylogeographic breaks in 2 geographically close areas of the temperate region in the rafting species Exosphaeroma hylecoetes, but little genetic structuring in Upogebia africana, is probably due to differences in dispersal mode. Analyses of the southern lineage of E. hylecoetes indicated that isolation by distance affects population interactions. While large numbers of planktonic larvae are released into the coastal region, rafting is likely to be comparatively rare, resulting in greater genetic subdivision.
Present-day phylogeographic patterns
Despite ancient divergence times among mtDNA lineages of the study species, the effects of present-day environmental conditions on phylogeographic patterns are nonetheless important. Fossil data indicate that during the last interglacial, when sea surface temperatures were higher than they are during the present interglacial (southwest coast: + 3.8°C; southeast coast: + 0.9°C, Crowley & North 1991) , the distributions of species presently confined to the warmer waters of the east coast extended close to Cape Agulhas (Martin 1962 , Davies 1971 , and some south coast species were present on the west coast (Grindley et al. 1989) . Genetic lineages adapted to regional environmental conditions would similarly be expected to adjust to large-scale changes in climatic conditions. Particularly in species with high dispersal abilities (e.g. mudprawns), distributions of lineages should thus largely reflect present-day environmental conditions.
The majority of genetic studies on marine animals have found correlations between phylogeographic patterns and biogeographic patterns (e.g. Avise et al. 1987 , Dawson 2001 , Waters & Roy 2003 . Such patterns can usually be explained by present-day environmental conditions, but there are some notable exceptions in which past phylogeographic patterns are likely to have been retained, e.g. in west Pacific giant clams Tridacna maxima (Benzie & Williams 1997) and in the southern Australian gastropod Nerita atramentosa (Waters et al. 2005) . For example, the distributions of the eastern and western lineages of N. atramentosa are not defined by water temperature (both lineages occur in both warm and cool temperate waters), but by a geological feature that does not represent a barrier to gene-flow during the present interglacial phase.
The patterns observed in the cumacean Iphinoe truncata in the present study provide a further example of a species whose phylogeographic patterns do not match present-day biogeographic patterns; the breaks between its mtDNA lineages were found at different localities from those of the other 2 species, and they were found in regions where no biogeographic boundaries have been proposed in the literature. Although the observed phylogeographic break between the southern and eastern lineages of I. truncata coincides with the Alexandria Coastal Dunefield, high genetic distances between these lineages indicate that genetic divergence is likely to have occurred prior to the formation of the dunefield (approximately 6500 yr ago). A possible explanation is the presence of coastal dunefields in the same locality during previous interglacial periods (W. K. Illenberger pers. comm.). The second phylogeographic break in I. truncata was found in a region that is characterized by similar geological formations as the region where the Alexandria Dunefield is presently located (Maud & Botha 2000) . Thus, the observed genetic discontinuity east of Cape Agulhas may also be the result of vicariance caused by the formation of a dunefield formerly present in this region. Interestingly, the Agulhas Current Deflection Zone, which strongly affected the other 2 species, had no detectable influence on the phylogeography of I. truncata. This species may have undergone a recent population expansion in this region so that the observed pattern is the result of recent common ancestry, rather than extensive gene-flow. Signatures of ancient distributions of mtDNA lineages are thus more likely to persist in this poorly dispersing species than in the 2 other crustaceans studied, and recently established distributions may not yet have manifested themselves in phylogeographic patterns detectable at the mtDNA level. More intensive sampling and the use of more rapidly evolving markers (e.g. microsatellites) are required to determine whether a phylogeographic break has as yet developed in the Agulhas Current Deflection Zone.
Directions for future research
This study on South African estuarine crustaceans investigated how ecological and historical factors affect phylogeographic patterns. Most genetic studies on South African coastal species have employed allozyme electrophoresis and failed to find significant genetic structure, although morphological and behavioral differentiation among regional populations was evident in some cases (e.g. Grant et al. 1992 , Grant & da Silva-Tatley 1997 , Ridgway et al. 1999 . Evans et al. (2004) showed that mtDNA or microsatellites have greater potential to detect genetic structure, but little phylogeographic work using these markers has been done to date (e.g. , Evans et al. 2004 , Tolley et al. 2005 . To establish whether the results of this study on estuarine crustaceans may be generally applicable to species characterized by similar life histories and ecologies, sequence data from additional coastal taxa are required.
Species with good dispersal abilities are often believed to have greater distribution ranges than poorly-dispersing species (e.g. Scheltema 1986 , Jablonski 1986 , but this notion has been questioned (reviewed in Head 2005) . The results of our study indicate that, although there was evidence that gene flow within mtDNA lineages is dependent on a species' mode of dispersal, the extent of the geographic ranges these lineages occupy and the number of lineages identified per species did not differ much. This suggests that in the absence of dispersal barriers, even poorly-dispersing estuarine species can maintain sufficient gene-flow to prevent genetic divergence. Instead, distributions of mtDNA lineages occurring in parapatry may be defined by environmental conditions. Using allozyme data, Ridgway et al. (1998) found 2 genetic lineages of the planktonic disperser Patella granularis, with distributions similar to those identified for Upogebia africana in this study, including a region of overlap in the southeast. As none of the individuals collected had alleles from both lineages, it was concluded that they are reproductively isolated and should be considered biological species. There was also evidence of morphological differentiation. It is likely that many coastal South African species with supposedly large distribution ranges actually comprise 2 or more cryptic species, which are mutually exclusive because of competition for similar ecological niches. Future studies could determine whether (1) the regional crustacean mtDNA lineages identified in this study are reproductively isolated (either by performing breeding experiments in the laboratory or by sequencing nuclear genetic markers), (2) whether there are previously unnoticed morphological differences, and (3) whether adaptations to different climatic conditions are evident (by investigating e.g. whether mudprawns from the east coast have higher optimum temperatures for growth and development).
